Rhodopseudomonas palustris is an alphaproteobacterium that has served as a model organism for studies of photophosphorylation, regulation of nitrogen fixation, production of hydrogen as a biofuel, and anaerobic degradation of aromatic compounds. This bacterium is able to transition between anaerobic photoautotrophic growth, anaerobic photoheterotrophic growth, and aerobic heterotrophic growth. As a starting point to explore the genetic basis for the metabolic versatility of R. palustris, we used transposon mutagenesis and Tn-seq to identify 552 genes as essential for viability in cells growing aerobically on semirich medium. Of these, 323 have essential gene homologs in the alphaproteobacterium Caulobacter crescentus, and 187 have essential gene homologs in Escherichia coli. There were 24 R. palustris genes that were essential for viability under aerobic growth conditions that have low sequence identity but are likely to be functionally homologous to essential E. coli genes. As expected, certain functional categories of essential genes were highly conserved among the three organisms, including translation, ribosome structure and biogenesis, secretion, and lipid metabolism. R. palustris cells divide by budding in which a sessile cell gives rise to a motile swarmer cell. Conserved cell cycle genes required for this developmental process were essential in both C. crescentus and R. palustris. Our results suggest that despite vast differences in lifestyles, members of the alphaproteobacteria have a common set of essential genes that is specific to this group and distinct from that of gammaproteobacteria like E. coli.
IMPORTANCE
Essential genes in bacteria and other organisms are those absolutely required for viability. Rhodopseudomonas palustris has served as a model organism for studies of anaerobic aromatic compound degradation, hydrogen gas production, nitrogen fixation, and photosynthesis. We used the technique of Tn-seq to determine the essential genes of R. palustris grown under heterotrophic aerobic conditions. The transposon library generated in this study will be useful for future studies to identify R. palustris genes essential for viability under specialized growth conditions and also for survival under conditions of stress.
E
ssential genes in bacteria and other organisms are those that are absolutely required for viability. Historically, these genes were recognized by the inability of an investigator to generate a knockout mutation in a particular gene. In recent years, rapid and affordable DNA sequencing technologies have stimulated the development of methods to identify virtually all essential genes of a bacterial genome in a single experiment. These methods, referred to as Tn-seq, TraDIS, HITS, or INSeq (1) (2) (3) (4) , all use saturating transposon (Tn) mutagenesis in a bacterium of interest and identify individual Tn mutants using next-generation sequencing (NGS). Hundreds of thousands of knockout mutations can be identified simultaneously, and those genes that receive few or no mutations are deemed essential. These methods have been used to profile the essential genes in a number of bacterial pathogens, commensals, and model organisms (2) (3) (4) (5) (6) (7) (8) . However, there have been only a limited number of studies defining the essential genes in metabolically versatile environmental bacteria (9, 10) .
Rhodopseudomonas palustris is a facultatively phototrophic alphaproteobacterium (11, 12) . It is found in terrestrial soil and water environments and grows phototrophically under anaerobic conditions. Under such conditions, it uses light as a source of energy and either organic compounds or carbon dioxide as carbon sources. R. palustris also grows aerobically as a heterotroph, and some strains grow anaerobically in the dark by nitrate respiration. It has served as a model organism for studies of anaerobic aromatic compound degradation, hydrogen gas production, nitrogen fixation, and photosynthesis (13) (14) (15) (16) (17) (18) (19) (20) (21) . R. palustris grows by budding in which a motile daughter swarmer cell is pinched off from the pole of a sessile mother cell once chromosome replication is complete (22) . Conserved cell cycle genes likely drive this developmental process in a fashion analogous to that studied in Caulobacter crescentus (23) .
Here, we used Tn-seq to determine the essential genes of R. palustris grown under heterotrophic aerobic conditions. We generated a library of approximately 175,000 Tn mutants and sequenced the library using NGS to identify the junctions between the Tn insertions and the R. palustris genome. Bioinformatic processing of the sequencing data revealed 552 genes that were disrupted at very low levels, indicating that they are essential for R. palustris viability. Analysis of these genes and comparison to the known essential genes of the alphaproteobacterium C. crescentus and E. coli revealed a common core of essential bacterial genes.
MATERIALS AND METHODS
Bacterial strains and growth conditions. R. palustris strain CGA009 (11, 16) was used for this study. Cells were grown with illumination from a 60-W incandescent light bulb or in ambient light at 30°C. Photosynthetic medium (PM), a defined mineral medium that contains ammonium sulfate (0.1%) as a nitrogen source and 20 mM sodium acetate as a carbon source (24) , was used for growth under anaerobic conditions. Medium was made anoxic by bubbling with argon gas to remove oxygen. It then was aliquoted in 10-ml volumes into 16-ml Hungate tubes in a Coy anaerobic chamber containing N 2 gas. For Tn-seq library construction, R. palustris was grown aerobically on CA agar (PM supplemented with Casamino Acids [0.2%] and yeast extract [0.5%]) containing sodium acetate (20 mM). Nutrient agar (Difco) was used to determine viable CFU. Where indicated, R. palustris cultures were supplemented with kanamycin (400 g/ml) and chloramphenicol (10 g/ml). E. coli SM10 pir (25, 26) was used as a donor strain for conjugation with R. palustris. E. coli was grown aerobically at 37°C in Luria-Bertani (LB) medium supplemented with ampicillin (100 g/ml).
T24 mutant library construction. R. palustris was grown anaerobically in light to mid-logarithmic phase (A 660 of ϳ0.2 to 0.7) in four tubes of PM medium (10 ml per tube) supplemented with 20 mM sodium acetate and 0.1% yeast extract. The remaining steps were performed aerobically. The cultures were combined, harvested by centrifugation, and resuspended in 10 ml PM. E. coli SM10 pir harboring the Tn5-based transposon T24 on a suicide plasmid (pLG107) was grown in 50 ml LB supplemented with ampicillin to mid-logarithmic phase (A 600 of ϳ0.2 to 0.5), harvested by centrifugation, and washed and resuspended in 10 ml PM. The resuspended R. palustris and E. coli cells were mixed and filtered onto nitrocellulose discs (0.45-m pore size; Millipore). The discs were incubated mating side up on CA agar for 2 to 3 h at 30°C aerobically in ambient light and subsequently were resuspended in a 1:1 mixture of PM and 50% glycerol prior to storage at Ϫ80°C. The mating suspension was thawed and plated on CA agar supplemented with kanamycin (400 g/ ml) and chloramphenicol (10 g/ml) in 24-by 24-cm QTrays (Molecular Devices). The QTrays were incubated for ϳ10 days at 30°C aerobically with light provided by a 60-W bulb. Equal volumes of nine independent matings were pooled to form the final CGA009 Tn mutant library. The library was separated into 500-l aliquots and stored at Ϫ80°C. To obtain DNA for Tn-seq analysis, we thawed two library aliquots and prepared two independent samples of genomic DNA using the PureGene kit (Qiagen). These two technical replicates were treated independently in all preparation and analysis steps.
Tn-seq sample preparation for Illumina sequencing. R. palustris library DNA was prepared for Illumina sequencing using the Tn-circle method of Gallagher et al. (5) , with some modifications. For all steps, DNA was quantified by fluorometry using the broad-range Qubit kit (Life Technologies). DNA was separated into samples of 2 to 3 g and sheared to an average fragment length of 300 bp using a Covaris E210 (10% duty cycle, intensity of 5, 100 cycles per burst, 500-s duration). Sheared samples were end repaired using the NEBNext end repair module (NEB) and purified using AMPure XP magnetic beads (Agencourt). End-repaired DNA was eluted with 10 mM Tris-Cl (pH 8.5), the beads were retained in the tubes, and eluted samples were adenylated using the NEBNext dAtailing module (NEB). Bead reactivation buffer (20% polyethylene glycol 8000, 2.5 M NaCl) was added, samples were repurified by the bead purification method and eluted with 10 mM Tris-Cl (pH 8.5), and the beads again were retained in the tubes. Barcoded adaptors (see Table S1 in the supplemental material) were ligated to the adenylated DNA using a Quick Ligation kit (NEB). Ligation reaction mixtures contained a 20-fold molar excess of adaptor relative to DNA; DNA was quantified and the molarity of DNA fragments was estimated using an average fragment length of 300 bp. Beads were reactivated and the reaction mixtures were purified as described above. Samples were eluted in 10 mM Tris-Cl (pH 8.5) and removed from the beads, and like samples were combined.
Adaptor-ligated samples were digested with BamHI (NEB), and the digested reactions were loaded on 6% polyacrylamide Tris-borate-EDTA gels (Invitrogen). Gels were stained with SYBR gold (Invitrogen) and briefly visualized in a UV light box. Fragments between 200 and 450 bp were excised from the gels; the gel fragments then were shredded and incubated in Tris-EDTA buffer for 2 h at 65°C. The gel slurries then were run over Nanosep MF (Pall Corporation) columns to remove gel material. The flowthrough liquid was precipitated with ethanol and resuspended in a small quantity (ϳ12 l) of 10 mM Tris-Cl (pH 8.5). The size-selected DNA was quantified and the molarity of DNA fragments was estimated. Two independent ampligase circularization (AC) reactions were prepared for each sample with ϳ1-pm size-selected DNA at a concentration of 50 nM, using conditions outlined previously (5) . Briefly, total AC reaction volumes were 20 l and contained 0.5 l Ampligase enzyme (Epicenter) and a 10-fold molar excess collector probe (T23_PAIR_COLLECT_1; see Table S1 in the supplemental material) relative to size-selected DNA. Following thermocycling, reactions were digested with a combination of three endonucleases as described previously (5) . Digested reactions were purified separately using the MinElute PCR purification kit (Qiagen) and eluted in 10.5 l elution buffer (EB).
For each AC reaction, 3 l was used as the template for real-time PCR using SsoFast EvaGreen supermix (Bio-Rad) in 50-l reactions. Amplification primers (T23_SLXA_PAIR_AmpF_3 and SLXA_PAIR_REV_ AMP; see Table S1 in the supplemental material) were used at a concentration of 250 nM each. The following real-time PCR cycling procedure was used: 95°C for 2 min 30 s and then 35 cycles of 95°C for 25 s, 59°C for 25 s, and 72°C for 30 s. Test reactions were used to determine the linear range of amplification for each sample. The PCR then was repeated and stopped at an optimal cycle number corresponding to 25 to 50% maximum amplification (usually between 25 and 27 cycles). Control reactions (no exonuclease, no CP, no ampligase) were included. DNA was purified with the MinElute PCR purification kit (Qiagen) and eluted in 12 l EB. Aliquots (1 l) of each sample were visualized on 6% polyacrylamide TBE gels (Invitrogen) to verify the expected fragment size range. Samples were sequenced on an Illumina Hi-Seq 2000 with 36-bp single-end reads using sequencing primer T23_SEQ_G (see Table S1 ).
Analysis of Tn-seq sequencing data. The standard Illumina preprocessing pipeline was used for initial default filtering (27) . Subsequent steps were performed using a custom bioinformatics pipeline, consisting of a series of Perl scripts similar to those described previously (5) , with some modifications. The pipeline steps are summarized below. Filtered reads were mapped using Bowtie version 1.0.0 (28) with the following parameters: two mismatches were allowed in the first 28 bp of a read (default -n), a single best alignment according to number of mismatches and Phred quality scores was reported (-best), and the existence of multiple "best" alignments was noted (-M 1) (28 and http://bowtie-bio.sourceforge.net/). For the two replicates, 30 to 50% of the reads mapped to the R. palustris strain CGA009 genome; we attribute this percentage to the proportion of reads that were of sufficiently high quality to be mapped. Analysis after this point was similar to that described previously, with some modifications (5) . The total number of mapped reads was normalized to 10 7 reads per sample, reads per insertion location were counted, insertion locations were annotated, and read counts per gene were generated for the entire open reading frame (ORF) and for the central 5 to 90% of the ORF. In addition, reads mapping to multiple locations were counted for each gene. Finally, a combined list of all insertion locations across the two replicates was generated.
Determination of essential genes and increased or reduced fitness knockouts. To perform statistical analysis for each Tn-seq sample, reads in the first 5% and last 10% of each gene were discarded and the central 5 to 90% read counts per gene were normalized to gene length (1 kb ϭ 1 gene), resulting in normalized reads per kilobase (RpK) values for each gene. For each replicate, log 2 RpK values were analyzed via histogram and fit to a normal distribution using the nonlinear least-squares fit (Prism; GraphPad Software), and the means and standard deviations of the distribution were calculated. Essential genes were those with log 2 RpK values falling outside a 99.9% confidence interval (P Ͻ 0.001 by two-tailed test) and below the mean in both technical replicates. Genes with reduced insertion fitness (IF) were those with log 2 RpK values falling outside a 95% confidence interval (P Ͻ 0.05 by two-tailed test) and below the mean in both replicates. Genes with increased IF were those with log 2 RpK values falling outside a 95% confidence interval (P Ͻ 0.05 by two-tailed test) and above the mean in both replicates.
Bioinformatic assignment of R. palustris CGA009 essential gene homologs in related R. palustris strains and other bacterial species. We analyzed the genomes of 15 strains of R. palustris for the presence of the 552 essential genes in CGA009 using OrthoMCL (29, 30) in conjunction with custom Perl scripts that we developed. To identify homologs of R. palustris essential genes in E. coli and C. crescentus, we used the ?Ͼdesk-top version of BLAST (31 and http://www.ncbi.nlm.nih.gov/books /NBK52640/) along with custom Python and Perl scripts. Briefly, the protein sequences of the 552 R. palustris essential genes were individually queried against all protein sequences in E. coli MG1655 and C. crescentus NA1000. Homologs were identified by cutoffs for percent sequence identity (number of identical residues divided by R. palustris query protein length; Ն20%) and expect (E) values (Յ0.0005). The highest sequence identity match for each R. palustris query protein was noted for each subject genome and referred to as the best-matching homolog. The essentiality of E. coli homologs was evaluated by consulting the Keio collection construction study (32) , while for C. crescentus homologs we referred to a recent Tn-seq study (8) .
Accession number. The primary sequencing data for this study have been deposited in the NCBI BioProject database under accession number PRJNA301497.
RESULTS

Construction of a complex transposon mutant library in R.
palustris. To build a complex Tn mutant library in R. palustris, we introduced a Tn5-based transposon, T24 (ISlacZ-p rhaBo /FRTkan), into R. palustris strain CGA009 by conjugation with an E. coli SM10 pir strain carrying plasmid pLG107. Transconjugants were plated and incubated aerobically on CA, a mineral medium containing multiple carbon and nitrogen sources (acetate, Casamino Acids, yeast extract, and ammonium sulfate), supplemented with kanamycin to select for the presence of the T24 transposon in the recipient strain and chloramphenicol to select against donor E. coli cells. We found that a high concentration of kanamycin (400 g/ml) was required to prevent the growth of R. palustris cells that did not acquire a Tn, but this had the effect of slowing the growth of the kanamycin-resistant R. palustris cells to the point where it took weeks for colonies to develop. We found that kanamycinresistant colonies developed faster when we provided light from a 60-W bulb that was placed approximately 10 cm from the plates. It is likely that this allowed R. palustris cells to carry out some photophosphorylation in the microaerobic environment of the colony interior. R. palustris has been shown to grow faster at reduced oxygen tensions when it is also illuminated (33) . Kanamycin-resistant colonies were collected and mixed to produce a mutant pool. We performed nine such matings and combined equal volumes of each pool to produce the final CGA009 T24 mutant library.
To assess the complexity and analyze the makeup of the CGA009 T24 mutant library, two technical replicates were prepared separately and analyzed by Tn-seq. DNA was extracted and treated as described in Materials and Methods to isolate the Tngenome junctions for Illumina sequencing. The sequencing data were analyzed using our custom bioinformatics pipeline, which consists of a series of custom Perl scripts similar to those previously described by Gallagher et al. (5), with some modifications. The pipeline aligns the sequencing reads to the strain CGA009 genome using the short-read aligner Bowtie (28); each individual read value corresponds to a single insertion mutant present in the population. The pipeline then tallies all insertion locations recognized for each sample. Using this approach, we identified approximately 175,000 individual transposon insertion locations in the CGA009 T24 mutant library (Table 1 ; also see Table S2 in the supplemental material). This depth of coverage reflects an average of 1 Tn insertion every ϳ31 bp over the entire genome. Our analysis is restricted to the chromosome that makes up 99.8% of the R. palustris strain CGA009 genome (11) ; this strain has one indigenous 8.5 kb plasmid that was not included in our analysis because it is not present in other R. palustris strains and thus is unlikely to be essential. This plasmid (pRPA) carries seven genes, which are predicted to encode a replication protein, a partition protein, a resolvase, a restriction endonuclease, a restriction methylase, and two hypothetical proteins.
Identification and functional characterization of essential R. palustris genes. To determine the essential genes in R. palustris CGA009, we carried out several computational steps on the Tnseq data. First, the number of insertions and reads for each gene in the CGA009 genome was counted, and a normalized read value (to a total of 10 7 reads per sample) was generated for each gene (see Table S3 in the supplemental material) using our bioinformatics pipeline. A comparison of the two technical replicates revealed a high correlation (R ϭ 0.98) between normalized reads per gene values for the two samples, giving us confidence that the methods we used to map the Tn-genome junctions give reproducible results (Fig. 1) . A second normalization based on gene length then was performed, resulting in an RpK value for each gene. To identify genes that are required for growth under the conditions of Tn library construction, we examined each technical replicate to find the genes with no or very low RpK values compared to the rest of the genome using a stringent cutoff for essentiality (99.9% CI based on log 2 RpK). Genes with RpK values below this cutoff in both replicates were deemed essential (Fig. 2) . It is important to note that we used a statistical definition of essentiality; thus, there is a chance that our essential gene set includes both false positives and false negatives, although at a low frequency.
We identified a total of 552 essential genes (see Table S4 in the supplemental material) that are required for growth under the conditions of Tn library construction, that is, aerobic growth in light on medium containing Casamino Acids, yeast extract, and acetate. The physical locations of these essential genes on the R. palustris CGA009 chromosome indicate an organization similar to that of the essential genes in the related organism Caulobacter crescentus (8) . The essential genes are concentrated around the origin and the terminus of the bacterial chromosome (Fig. 3) .
To assess the functional makeup of the R. palustris essential genes, we first referred to the Larimer et al. (11) R. palustris CGA009 genome annotation to obtain Clusters of Orthologous Groups (COG) assignments for the entire genome. To discover enriched or depleted functions in our list of essential genes, we compared the COG category makeup of the essential genes to the entire genome (Fig. 4) . We found that several categories were enriched in the essential genes, particularly genes involved in (J) translation, ribosome structure, and biogenesis; (D) cell cycle control, cell division, and chromosome partitioning; (F) nucleotide transport and metabolism; and (H) coenzyme transport and metabolism (Fig. 4) . COG categories with less representation in the essential genes compared to the entire genome included (N) cell motility, (G) carbohydrate transport and metabolism, (P) inorganic ion transport and metabolism, and (R) general function predicted only.
While COG assignments are widely used and allow for comparisons between organisms, COG categories do not exist for genes representing nonuniversal metabolic functions, such as nitrogen fixation and photosynthesis. We manually assigned each gene to an overarching functional group by referring to the online databases EcoCyc (34), InterPro (35) , the Kyoto Encyclopedia of Genes and Genomes (KEGG) (36, 37) , and Cyanobase (38) . The functional category with the greatest representation was metabolism, with 251 genes (Table 2) . Essential metabolic genes include those encoding functions in glycolysis, the tricarboxylic acid (TCA) cycle, and the biosynthesis of fatty acids and amino acids. It is important to note that we tested for essentiality under just one growth condition. We expect that some of the biosynthesis genes that were identified as essential here may not be essential for growth in alternative growth media.
Even with functional assignment methods at our disposal, a fair number of the R. palustris essential genes have no predicted function. Nearly 10% (54 of 552) of the identified R. palustris essential genes encode hypothetical proteins of unknown func- replicates of CGA009 T24 library genomic DNA were extracted from cells and prepared for NGS analysis. The read values for each gene were determined for both replicates and plotted to determine the correlation. tion. A protein BLAST search revealed all but one (RPA4735) are conserved in other organisms, mainly other alphaproteobacteria, such as Bradyrhizobium japonicum and Nitrobacter winogradsky. Gene RPA4735 likely has been misannotated in strain CGA009 but correctly called in closely related strains, including strain TIE-1 (Rpal-5217), as a slightly larger gene predicted to encode a cell division protein.
The R. palustris CGA009 genome encodes conserved and unique essential functions. To determine if R. palustris CGA009 essential genes are conserved and present in other strains, we compared the CGA009 genome to those of 15 other R. palustris strains using the OrthoMCL (29, 30) software package and identified homologs of the 552 essential genes. The 15 strains analyzed are part of our laboratory's collection of R. palustris strains comprising both well-characterized strains (TIE-1) and strains obtained from culture collections and isolated from environmental samples. We found that all but 10 of the 552 essential genes have at least a single homolog in all 15 strains (see Table S5 in the supplemental material). Additionally, 32 of the essential genes have multiple homologs in at least one strain, with one essential gene, RPA3903, having a range of 4 to 10 homologs per R. palustris strain (see Table  S5 ). RPA3903 (mexD) is a resistance-nodulation-division (RND) multidrug efflux transporter, and CGA009 alone has several mexD genes, although only one is essential (see Table S4 ).
To determine if homologs of R. palustris essential genes are essential in related organisms, we chose two well-studied organisms with identified essential genes: C. crescentus and E. coli. We used BLAST (31 and http://www.ncbi.nlm.nih.gov/books/NBK52 640/) to compare the protein sequences of the 552 R. palustris essential genes to all protein sequences in C. crescentus NA1000 and E. coli MG1655 and found all homologs meeting criteria for sequence identity (Ն20%) and expect (E) values (Յ0.0005). For each R. palustris essential gene, the total number of homologs in each comparison genome was recorded and the best-matching homolog was identified. The average sequence identity for the bestmatching homolog in C. crescentus was 52%; for E. coli, the average was 40%. Nearly a quarter (24%) of R. palustris essential genes had no homologs detected by our criteria in E. coli, while 14% had no homologs in C. crescentus. To assess the essentiality of the identified homologs in C. crescentus NA1000, we referred to a Tn -seq study performed under aerobic growth on peptone yeast extract (PYE) (8) . For C. crescentus, we identified homologs for 476 essential R. palustris genes; 323 of the identified homologs are essential in C. crescentus, while 30 have high fitness costs when deleted (see Table S4 in the supplemental material). To determine the essentiality of homologs in E. coli MG1655, we referred to the Keio collection study (32) . We identified homologs for 422 R. that each COG category contributes to the entire CGA009 genome was set at 100% and compared to the fractions for each of these subsets. The following COG categories were included: J, translation, ribosomal structure, and biogenesis; K, transcription; L, replication, recombination, and repair; B, chromatin structure and dynamics; D, cell cycle control, cell division, and chromosome partitioning; V, defense mechanisms; T, signal transduction mechanisms; M, cell wall/ membrane/envelope biogenesis; N, cell motility; U, intracellular trafficking, secretion, and vesicular transport; O, posttranslational modification, protein turnover, and chaperones; C, energy production and conversion; G, carbohydrate transport and metabolism; E, amino acid transport and metabolism; F, nucleotide transport and metabolism; H, coenzyme transport and metabolism; I, lipid transport and metabolism; P, inorganic ion transport and metabolism; Q, secondary metabolite biosynthesis, transport, and catabolism; R, general function prediction only; S, function unknown. palustris essential genes in E. coli; 187 of the identified homologs are essential in E. coli as well (see Table S4 ). Overall, our homolog analysis identified 54 more homologs of R. palustris essential genes in C. crescentus than in E. coli. A subset of these, for example, CtrA and CckA, are involved in cell cycle regulation in C. crescentus (8, 39) . Essential gene RPA3133 shares 72% identity with essential gene encoding DivK, the response regulator receiver protein involved in cell cycle regulation in C. crescentus. This gene had been misannotated in R. palustris as encoding a CheY chemotaxis protein.
To discover patterns among the essential homologs, we grouped R. palustris genes by COG category and compared their essentiality in C. crescentus and E. coli (see Fig. S1 in the supplemental material). For C. crescentus, the conservation of essential functions was quite high, with an average of 58% shared essentiality across all COG categories. E. coli showed less conservation of essential functions, with an average of 29% shared essentiality across all COGs. However, certain categories were well conserved between all three organisms: the majority of R. palustris essential genes involved in translation, ribosome structure, and biogenesis; intracellular trafficking, secretion, and vesicular transport; and lipid transport and metabolism have essential homologs in both C. crescentus and E. coli. The essentiality of translation functions in particular was highly conserved: of 93 essential translation genes in R. palustris, the majority (84 and 68, respectively) had essential homologs in C. crescentus and E. coli as well (see Table S4 ).
We wondered if our bioinformatics analysis, which focused on the sequence identity between two proteins, missed functional homologs: proteins with low sequence identity that perform identical or analogous cellular functions. To identify functional homologs of R. palustris essential genes in E. coli, we examined the list of R. palustris genes with no homolog. In E. coli, we were able to identify functional homologs with low sequence identity that serve the same cellular function for 24 R. palustris essential genes by referring to the EcoCyc online database (34) . Of these functional homologs, 12 are essential in E. coli in rich medium (LB) (32); these include genes involved in NAD metabolism (nadD), succinate dehydrogenase (sdhD), and ribonucleoside diphosphate reductase (nrd) ( Table 3 ). An additional seven putative functional homologs are essential in E. coli under minimal medium conditions (Table 3) (40, 41) .
Interestingly, of the 54 essential genes encoding hypothetical proteins in R. palustris CGA009, nearly half (26 of 54) had no homolog in C. crescentus or E. coli, suggesting R. palustris has unique essential functions encoded by these genes. Of 28 hypothetical proteins with a homolog in C. crescentus, 14 were essential, and many have an annotated function in C. crescentus (Table 4) . For example, the RPA0595 protein is 52% identical to the BioC biotin biosynthesis protein in C. crescentus (CCNA_00874), while RPA1263 shares 75% identity with SciP (CCNA_00948), a protein that represses the transcription of genes activated by the master cell cycle regulator CtrA. RPA1626 is homologous to ChpT, a histidine phosphotransferase which controls the activity of CtrA (42, 43) .
Identification of R. palustris genes with reduced or increased insertion fitness. Our analysis of essential genes used a strict sta- (32), studies of Keio strains in minimal medium (40, 41) , and the EcoCyc online database (34) . tistical cutoff to characterize the genes required for growth in R. palustris. To more broadly characterize our data set, we extended our analysis to include genes with moderate fitness cost (or benefit) associated with Tn insertion. We identified all genes with normalized read values falling outside a 95% CI (based on log 2 RpK values) in both technical replicates. We define genes falling outside this cutoff and below the mean as those with reduced insertion fitness (IF), while those above the mean are increased-IF genes. We identified a total of 193 reduced-IF (see Table S6 in the supplemental material) and 26 increased-IF genes (see Table S7 ) in R. palustris CGA009 and assessed the functional makeup of the reduced-IF and increased-IF genes using analyses similar to those described above. The identified reduced-IF genes had a functional profile similar to that of the essential genes: a large number are metabolic in nature, and a fair number of them encode hypothetical proteins. One gene, RPA4516, encoding a response regulator receiver-modulated diguanylate phosphodiesterase, is a reduced-IF gene with considerable fitness costs (P Ͻ 0.006 in both replicates). To our knowledge, this is the first c-di-GMP phosphodiesterase (PDE) shown to be involved in general bacterial growth. In this context it is worth noting that fluctuations of c-di-GMP recently have been shown to be a key driver of cell cycle progression in C. crescentus (23) . For the increased-IF genes, we again identified a number that encode hypothetical proteins. In addition, we identified a phosphate transporter (RPA2281), two cold shock proteins with DNA-binding domains (RPA2525 and RPA3503), and the pucAd light-harvesting complex subunit (RPA3012). We hypothesize that these gene products pose either an energetic or metabolic burden for growing cells that is alleviated by Tn insertion. We also note that the fitness benefit derived from the loss of these genes likely is specific to the conditions tested.
DISCUSSION
Here, we used the Tn circle method of Tn-seq (5) to define the essential genome in the alphaproteobacterium R. palustris. We constructed a transposon mutant library in R. palustris, made up of over 175,000 individual insertion mutants, with a frequency of approximately one insertion per 31 bp throughout the genome. By analyzing this library using Tn-seq and NGS, we identified 552 genes that were essential during aerobic growth on a mineral medium supplemented with acetate, Casamino Acids, and yeast extract.
Identified essential genes reflect Tn-seq library growth conditions. The growth medium used for the construction of the Tn library dictated that the cells grow heterotrophically using the provided simple and complex carbon and nitrogen sources. Despite the presence of Casamino Acids in the medium, we found that the gene clusters for the synthesis of tryptophan (trpFBA, trpD, and trpG), arginine (argG, argJ, argB, argC, argH, argF, and argD), glutamate (gltBD), and histidine (hisBHAFE and hisGZ) were essential (see Table S4 in the supplemental material). For tryptophan, this result agrees with our knowledge of the composition of Casamino Acids. Casamino Acids are produced by the acid hydrolysis of casein, and tryptophan is destroyed in the hydrolysis process (44) . For glutamate, arginine, and histidine, our results suggest that Casamino Acids do not meet the R. palustris requirement for these amino acids despite their survival of acid hydrolysis. In addition, the essential thiOSGE thiamine biosynthesis gene cluster indicates that this vitamin must be synthesized de novo by R. palustris under this growth condition.
R. palustris can grow heterotrophically by aerobic respiration without a contribution from photophosphorylation. However, we found that a light source was necessary to elicit robust growth of the strain CGA009 T24 transconjugants; we recovered a very small number of transconjugants under dark/ambient light conditions. We suspect that the large amount of kanamycin (400 g/ml) used to select for T24 transconjugants presented a barrier to growth without the addition of energy from light. Supporting this hypothesis, we identified 2 essential genes with possible photosynthetic functions (RPA3742 and RPA3743, both encoding squalene/phytoene synthases that may be involved in carotenoid biosynthesis). In addition, the pufAB light-harvesting complex genes, while not essential by our strict Tn-seq statistical cutoff (see Materials and Methods), exhibit decreased fitness when disrupted by the T24 transposon (see Table S2 in the supplemental material), with the pufA gene meeting our reduced-IF cutoff.
Essential genes in central metabolism reveal redundancies and alternative flux hypotheses. Recent metabolic flux analysis studies indicate growing R. palustris cells use the glyoxylate shunt to incorporate acetate when it is the only available carbon source (15, 45) . Here, we provided R. palustris with complex carbon Table S4 in the supplemental material). This suggests that the Casamino Acids and yeast extract in CA medium support growth sufficiently such that growing R. palustris cells use the TCA cycle to oxidize acetate fully to CO 2 . Indeed, all annotated TCA cycle enzymeencoding genes (gltA, acnA, idh, sucAB, sdhBADC, and mdh) were found to be essential in R. palustris CGA009 except those encoding succinyl-coenzyme A (CoA) synthetase (sucDC) and fumarase (see Table S4 ). R. palustris CGA009 has single copies of the alpha (sucD) and beta (sucC) subunits of succinyl-CoA synthetase; therefore, redundancy cannot account for the nonessentiality of these genes by Tn-seq. Succinyl-CoA synthetase catalyzes the reversible conversion of succinyl-CoA to succinate and produces 1 GTP or ATP by substrate-level phosphorylation. We hypothesize that sucD::T24 and sucC::T24 cells can compensate for the loss of this activity by producing succinate either from fumarate, via the succinate dehydrogenase complex, or from isocitrate, via isocitrate lyase and the glyoxylate shunt. In addition, succinyl-CoA is the precursor of heme, which is likely required in large quantities by R. palustris for the production of bacteriochlorophyll, providing a metabolic sink for a build-up of intracellular succinyl-CoA in the absence of succinyl-CoA synthetase activity. Fumarase provides us with another interesting case. There are three predicted fumarate hydratase genes in the R. palustris CGA009 genome (RPA1329, RPA3500, and RPA3876), none of which were found to be essential by Tn-seq. We have two hypotheses for the nonessentiality of fumarase: redundancy and alternative flux. If redundancy is responsible, R. palustris would be expected to survive if one of its fumarase genes were knocked out. Another possibility is that only one of the annotated fumarase genes is required for TCA cycle function, but R. palustris can compensate for its loss by producing malate through the glyoxylate shunt. The maintenance of three copies of fumarase genes is intriguing, and further analysis of their encoded enzymes will be required to verify their predicted functions and to establish how and under what growth conditions each contributes to the physiology of R. palustris. Importantly, these examples underline the misleading notion of labeling a biosynthetic step as nonessential by Tn-seq without also considering the larger genomic context.
Proton-translocating NADH-quinone oxidoreductase, also known as NADH dehydrogenase, plays an important role in transferring electrons from NADH to quinone during aerobic respiration in most living organisms. R. palustris has genes (RPA2937-2952 and RPA4252-4264) that are annotated as encoding paralogous NADH dehydrogenase 1 enzymes. Each enzyme is predicted to be comprised of 13 subunits, consistent with the compositions of other NADH dehydrogenases (46) . We were interested to see that RPA2937-2952 are essential genes for R. palustris, whereas RPA4252-4264 are not essential for growth. This implies that the two NADH dehydrogenase complexes have different physiological functions. One possibility is that RPA2937-2952 are required for aerobic respiration, whereas RPA4252-4264 encode an NADH dehydrogenase that operates in the reverse direction to reduce NAD ϩ to NADH during phototrophic growth. This reaction, known as "reversed electron transport," is used by other purple nonsulfur bacteria to generate NADH; however, it has not been shown to be accomplished by a dedicated enzyme.
Comparison of essential genes in R. palustris and other organisms. We compared the essential genes in R. palustris to the well-studied alphaproteobacterium C. crescentus and to E. coli. As expected, there is a great deal of overlap of essential genes among the three microbes. We also found that redundancy plays a role in differences in essential genes between R. palustris and the two comparison organisms. For example, R. palustris encodes an essential phosphoglyceromutase (pgm1; RPA0340). While the E. coli gpmM homolog (b3612) is not essential due to the presence of a second enzyme (gpmA; b0755), an E. coli double gpmAM knockout is nonviable (47), a result which speaks to the similar metabolic requirements of these organisms despite differences in genetic makeup.
In other cases, R. palustris has one protein while other bacteria require two to perform the same function. The R. palustris argJ (RPA0592) gene encodes a bifunctional ornithine acetyltransferase/N-glutamate acetyltransferase which catalyzes the first and fifth steps of arginine biosynthesis. Instead of a bifunctional protein, E. coli encodes two single-function proteins, ArgA (b2818) and ArgE (b3597); both are essential for E. coli strain MG1655 to grow in minimal medium (40, 41) . Another interesting case is that of R. palustris hisG, which encodes ATP phosphoribosyltransferase and catalyzes the first step in histidine metabolism. There are two known HisG enzyme clades: in the first, a single enzyme has ATP phosphoribosyltransferase activity, while HisG enzymes in the second clade require a second subunit, HisZ, for enzymatic function (48) . E. coli hisG encodes an enzyme from the first clade that is essential in minimal medium (40, 41) . However, R. palustris encodes both HisG (RPA1149) and HisZ (RPA1150), and both are essential (see Table S4 in the supplemental material). Interestingly, HisZ-dependent HisG enzymes from Lactococcus lactis, Bacillus subtilis, and Synechocystis are shorter than their counterparts in E. coli and other organisms by approximately 80 amino acids: L. lactis HisG is 208 amino acids, while E. coli HisG is 299 amino acids (48) . This difference in length is thought to be the reason behind the requirement for HisZ (48) . However, the R. palustris HisG protein is longer (325 amino acids), suggesting that there is a second HisZ-dependent clade of HisG. This warrants further investigation.
We also identified differences in the essentiality of amino acid biosynthesis genes between R. palustris, C. crescentus, and E. coli that likely represent differences in growth conditions that were used to determine gene essentiality. C. crescentus was grown aerobically on peptone-yeast extract (PYE) for Tn-seq experiments (8) , while the E. coli Keio collection was built on LB (32) . Differences in amino acid composition between LB, peptone, and Casamino Acids may account for the differences in amino acids of essential genes that we observed.
The construction and characterization of an R. palustris Tn library has helped to define core essential genes necessary for the heterotrophic growth of alphaproteobacteria. The construction of the Tn library also sets the stage to study genes that are essential for the growth of R. palustris under more specialized conditions that reflect this organism's metabolic versatility. These include phototrophic growth, growth under nitrogen-fixing conditions, and growth on poorly characterized carbon compounds.
